The haemodynamic hypothesis for the pathogenesis of diabetic microangiopathy [1--3] states that early functional microvascular changes, such as over-perfusion and increased capillary pressure, lead to later irreversible structural changes, characterised by basement membrane thickening and microvascular sclerosis. There is increasing evidence in support of this hypothesis, with evidence of early microvascular over-perfusion [4] [5] [6] and increased capillary pressure [6, 7] in the skin of young diabetic patients. Changes in microvascular permeability may also be important in the genesis of microangiopathy [8] ; increased permeability to fluid and a variety of solutes has been demonstrated in Type i (insulin-dependent) diabetic patients with moderate to long disease duration [9, 10] . If increased permeability was present early in the course of diabetes, it would seem more likely to be a primary event, rather than a reflection of earlier adverse microcirculatory changes. One study has shown an increase in microvascular fluid permeability in Type 1 diabetic patients with short disease duration [11] , but only during periods of poor metabolic control, which could have affected the results by altering tissue perfusion or the vascular surface area available for exchange. In contrast, other studies have shown normal fluid filtration at this early stage of diabetes [9] .
All of these studies have assessed microvascular fluid permeability by calculation of the capillary filtration coefficient (CFC) using the technique of strain gauge venous occlusion plethysmography. CFC, which is also known as hydraulic conductance, is strictly a misnomer as filtration occurs at other sites in addition to the capillaries, notably the post-capillary venules. In these previous studies, CFC calculations were based on the fluid flux response to a single large increase in venous pressure (> 40 mmHg). Large pressure steps are known to invoke the veno-arteriolar reflex, a protective local axon reflex activated by a rise in venous pressure [12] , This reflex leads to arteriolar vasoconstriction, thereby attenuating the transmission of arterial pressure to the capillary bed, such as occurs on standing. Abnormalities of this reflex are present from the first year after diagnosis in Type i diabetes [13] . It has recently been demonstrated that small increases in venous pressure ( < 12 mmHg) alter the time course of the vascular filling component of the strain gauge response [14] , one possible explanation of which may be that such small pressure steps avoid invoking the veno-arteriolar reflex.
This study therefore used a strain gauge plethysmographic method with a computer based logging and analysis system [15] and employing serial small increases in 
Subjects and methods

Subjects
Ten Type 1 diabetic patients (median age 22.0 years, median disease duration 2.8 years) and ten age-and sex-matched control subjects were studied ( Table 1 ). The diabetic group had minimal clinical evidence of microangiopathy (one had mild background retinopathy on ophthalmoscopic examination; all had normal vibration sensory thresholds on biothesiometry and elicitable ankle jerks; none had microalbuminuria as determined by an albumin:creatinine ratio less than 2.5 (urinary albumin mg/l divided by urinary creatinine mmol/l) in an early morning urine sample). All the subjects had a random blood glucose concentration between 5 and 15 mmol/1 at the time of the study.
Methods
Subjects were allowed to acclimatise for 30 min in a controlled temperature environment (22 + 0.5~ and during this period average brachial blood pressure was determined from the mean of three readings using an automated blood pressure recorder (Dynamap 845; Critikon Inc, Tampa, Fla., USA). CFC measurements were made on the forearm with the subjects semi-recumbent and the arm supported at heart level. A six-inlet sphygmomanometer cuff (A. C. Cosser, London, UK), which enabled rapid inflation, was applied around the upper arm and inflated using an air pump (Compton type 2D/351 DM; Dawson McDonald and Dawson Ltd, Ashbourne, Dorset, UK), equipped with a multiple resistance air bleed, which permitted stepped increases in occlusion pressure to be applied [16] . The occlusion pressure was monitored using a pressure transducer (type 256-720; RS Components, Corby, UK) coupled to a modified pressure indicator (type 256-758; RS Components). The pressure was monitored close to the cuff. An additional flexible but non-elastic outer cuff was used to minimise cuff compliance and thereby obtain rapid occlusion pressure transmission inwards to the soft tissues of the arm. The mercury-in-silastic strain gauge and gauge holder [14] was applied to the upper one-third of the forearm and the response to serial small increments in cuff pressure (5-12 mmHg every 5 min), up to a maximum less than the diastolic blood pressure, was recorded on a microcomputer for subsequent analysis [15] . Once the ambient venous pressure had been exceeded, each increase in cuff pressure generated a characteristic response ( Fig. 1) : an initial rapid exponential phase, due to filling of the compliant venous vessels beneath the gauge, and a concurrent linear phase, due to fluid flux from the microcirculation once pressure was high enough to cause filtration. Values for fluid flux were obtained by least squares fitting of the volume response after the vascular compliance component was completed [14] . The slope of the linear relationship between the values of fluid flux and corresponding cuff pressure represented the CFC (Fig.2) . CFC determined by this method was found to be highly reproducible with an intra-individual coefficient of variation of 7.7 % (4.4 + 0.34 x 10 -3 ml. min-1. 100 g tissue-1 mm Hg-1, mean + SD) for four measurements on the same subject on separate occasions over a 3-month period.
At the end of each study, a venous blood sample was taken for estimation of plasma glucose concentration and HbAI~ (determined by affinity column chromatography). The study was approved by the local ethical committee and informed verbal consent was obtained from all participants.
Statistical analysis
As it could not be assumed that data were normally distributed, summary statistics are expressed as median and range and the MannWhitney U Test for two independent samples was used to compare diabetic and control subjects. Associations between different variables were determined using a two-tailed Spearman Rank Correlation Test. All statistical analyses were carried out on a microcomputer using the SPSS/PC + statistical package (SPSS Inc, Chicago, Ill., USA).
Results
Median CFC (Fig. 3) was significantly greater in the young diabetic patients (9.2 x ]0 .3 ml.min -1.100 g tissue -1-mmHg -1) compared with the age-and sex-matched Time (min) Fig.] .. Diagramatic representation of typical recording from the strain gauge in response to an increase in cuff pressure of around 10mmHg (after ambient venous pressure has been exceeded). Arrow indicates onset of increased cuff pressure. Fluid flux is calculated from the slope of the response between the fourth and fifth minute control subjects (3.8x10 -3 ml-min-l.100g tissue -~. mmHg -1, p <0 9 The range of CFC values was greater in the Type I diabetic patients (4 9149 x 10 -3 ml. min-1.100 g tissue-1. mm Hg-1) than the control subjects (3 9
x 10-3ml.min -I -100 g tissue-l-mmHg -1) and there was some overlap of CFC values between the two groups. There were no differences in forearm circumference (260 mm (235-290) vs 250 mm (235-290), p = 0.88) or BMI (Table 1) (Table 1) .
Discussion
This study demonstrates an increase in capillary filtration coefficient in a group of young, Type 1 diabetic patients with short disease duration and satisfactory glycaemic control who have minimal evidence of microvascular complications 9 Previous studies using strain gauge plethysmography have failed to demonstrate such a change in similar groups of Type 1 patients [9, 11] . This may be because the modified plethysmographic method employed in this study gives results which, in our view, are more accurate and reproducible than in previous studies. The CFC calculation in this study is based on the changes in fluid flux in response to several small pressure steps, whereas in previous studies only one large pressure step was used, a technique which may introduce error 9 The large pressure step, by invoking the veno-arteriolar reflex, may prolong the duration of the vascular tilting component thereby increasing the risk of inclusion of this component in the fluid filtration slope [14] . Furthermore, estimation of CFC from a single pressure step can only be performed if the pre-existing venous pressure was at a level that gave rise to filtration [14] . In the present study the elevation in CFC could not be attributed to an effect of hyperglycaemia as there was no correlation with ambient plasma glucose concentration (at least within the range 5-15 mmol/1) or HbAlo. In addition, there were no significant differences between the diabetic patients and control subjects in arterial blood pressure or serum albumin concentration. The lack of difference in serum albumin concentration makes it unlikely that there was a reduced plasma oncotic pressure leading to an apparent elevation of CFC in the Type 1 patients.
The main determinants of fluid movement across the capillary wall are capillary pressure, the capillary surface area available for exchange and permeability per unit surface area [17] . There is no histological evidence of increased capillary surface area in skeletal muscle in Type 1 diabetes [18] , which is the major tissue contributing to fluid flux in the upper forearm. Differences in the tissue composition of the forearm between the Type 1 patients and control subjects are unlikely in view of the similar values for BMI and forearm circumference in the two groups 9 Moreover. venous occlusion should elevate microvascular pressure within the whole microvascular network, thereby eliminating any possible contribution from differences in homogeneity of tissue perfusion in the patient and control groups.
Techniques for direct measurement of capillary pressure in the skeletal muscle, adipose or connective tissue in the upper forearm of man are not yet possible; however measurement of finger nailfold capillary pressure may provide some indication of whether abnormalities of microcirculatory pressure are present. Finger nailfold capillary pressure has been shown to be elevated in Type i diabetic patients with short disease duration and correlates with glycaemic control [7] . A number of mechanisms have been postulated by which such an elevation in capillary pressure may influence microvascular structure and permeability [1] [2] [3] 19] , although currently there is debate over whether capillary hypertension leads to an increase [20] or decrease [21, 22] in microvascular fluid permeability. This can only be resolved when simultaneous measurements of microvascular pressure and permeability become possible in vivo.
It is possible that the increased CFC may not reflect capillary hypertension or changes in surface area but a primary change in the fluid permeability of the microcirculation in Type 1 diabetes. The main pathway for fluid filtration across the microvascular wall is through channels between endothelial cells which are filled with a lattice of glycocalyx material [23] , and subsequently through a further glycoprotein lattice in the basement membrane. Separation or loss of endothelial cells [24] , or glycation of proteins in the glycocalyx and basement membrane [25] , leading to altered structure or charge [8] are possible mechanisms that could alter effective pore size and therefore fluid permeability. It is interesting to draw parallels between increased CFC in the forearm and the glomerular hyperfiltration [26] which is present in Type 1 patients with a short duration of diabetes. It must be remembered, however, that the glomerulus is a hemi-arteriole in contrast to the capillaries and venules of the microcirculation in the forearm tissues. Moreover, glomerular hyperfiltration has been shown to partly relate to an increase in renal plasma flow [26] and filtration surface area [27] , although there is also some indirect evidence supporting a role for raised intraglomerular hydrostatic pressure [28, 29] .
It is noteworthy that not all the diabetic patients had a CFC value above the normal range and it may be that only those with early abnormal microvascular function, such as increased CFC, go on to develop severe microvascular complications. This requires future confirmation in prospective studies.
In summary, this study demonstrates for the first time an increase in microvascular permeability to water in a group of young Type 1 diabetic patients with a short duration of diabetes and satisfactory glycaemic control, who have minimal evidence of microangiopathy.
